Introduction: Neurological manifestations in Tuberous Sclerosis Complex (TSC) are highly variable. Diffusion tensor imaging (DTI) may reflect the neurological disease burden. We analyzed the association of autism spectrum disorder (ASD), intellectual disability (ID) and epilepsy with callosal DTI metrics in subjects with and without TSC. Methods: 186 children underwent 3T MRI DTI: 51 with TSC (19 with concurrent ASD), 46 with non-syndromic ASD and 89 healthy controls (HC). Subgroups were based on presence of TSC, ASD, ID, and epilepsy. Density-weighted DTI metrics obtained from tractography of the corpus callosum were fitted using a 2-parameter growth model. We estimated distributions using bootstrapping and calculated half-life and asymptote of the fitted curves. Results: TSC was associated with a lower callosal fractional anisotropy (FA) than ASD, and ASD with a lower FA than HC. ID, epilepsy and ASD diagnosis were each associated with lower FA values, demonstrating additive effects. In TSC, the largest change in FA was related to a comorbid diagnosis of ASD. Mean diffusivity (MD) showed an inverse relationship to FA. Some subgroups were too small for reliable data fitting. Conclusions: Using a cross-disorder approach, this study demonstrates cumulative abnormality of callosal white matter diffusion with increasing neurological comorbidity.
Introduction
Tuberous sclerosis complex (TSC) is a genetic multisystem disorder causing formation of hamartomatous lesions in various organs including the brain, where they are referred to as tubers. TSC is associated with severe neurological manifestations including epilepsy (90%), intellectual disability (ID, 40%), and autism spectrum disorder (ASD, 50%) (Curatolo et al. 2008) . With a prevalence of 1 in 6000, it is one of the most common genetic causes of epilepsy and ASD (Davis et al. 2015) .
TSC is a model disease for studying both epilepsy and ASD, and their co-occurrence. Early onset epilepsy and early cognitive delays (Jansen et al. 2008; Numis et al. 2011; Jeste et al. 2014) are associated with ASD in TSC. Moreover, improved cognitive outcome with early and aggressive treatment of infantile spasms has been reported (Bombardieri et al. 2010; Jozwiak et al. 2011) , suggesting an epileptic encephalopathy contributes to poor neurodevelopmental outcome. In addition, the autism phenotype in TSC is comparable to nonsyndromic ASD (Bruining et al. 2014; Jeste et al. 2016) . Understanding the development of these conditions in TSC will not only offer opportunities for targeted interventions in TSC, but will also increase insight in other populations with epilepsy and ASD.
While the identification of early clinical risk factors in a patient can guide therapeutic decisions, effects of even earlier, pre-emptive treatments with mTOR inhibitors or vigabatrin on neurocognitive outcomes are now being studied (Julich and Sahin 2014) . Such research, however, would significantly benefit from a robust imaging biomarker. An ideal marker should be reliably reproducible, reflect the underlying neurobiology, correlate with symptom severity and change in response to treatment.
Diffusion tensor imaging (DTI) bares such promise, as it noninvasively probes microstructural properties of the brain by characterizing the average ability of water molecules to diffuse at the tissue microscopic level. DTI measures in TSC are abnormal even in structurally normal appearing white matter and were reported to change with exposure to mTOR inhibitors (Tillema et al. 2012) . Decreased fractional anisotropy (FA) and increased mean diffusivity (MD) have been reported in 2 large white matter tracts-the corpus callosum and the arcuate fasciculus-in subjects with TSC and ASD when compared to subjects with TSC but without ASD (Peters et al. 2012; Lewis et al. 2013) . These studies, however, did not account for the presence of ID and epilepsy. Altered diffusion of the callosal white matter has also been reported in nonsyndromic ASD (Alexander et al. 2007) , with greater abnormalities in those subjects with ID. It remains unclear, therefore, if in TSC the altered diffusion is associated specifically with ASD or is also reflective of other neurologic comorbidities.
The aim of this study was to examine the association of callosal white matter microstructural integrity with concurrent neurological manifestations in both TSC and ASD. To this end, we compared DTI values among 3 groups: TSC, nonsyndromic ASD, and healthy controls (HC), and assessed impact of comorbid ASD, ID and epilepsy.
Materials and Methods

Subjects
Fifty-one patients with TSC, none treated with mTOR inhibitors, who had undergone 3T MRI were identified through the Boston Children's Hospital Multidisciplinary Tuberous Sclerosis Program. All patients were diagnosed with definite TSC based on clinical or genetic criteria (Northrup et al. 2013) ; their medical records were reviewed. Forty-six subjects with nonsyndromic ASD (thus without TSC) who had undergone 3T MRI as part of their clinical care were identified via chart review of the Boston Children's Hospital clinic and neuroradiology records. Patients with prior brain surgery or exposure to mTOR inhibitors were excluded. In all patients, the ASD diagnoses were based on evaluation by a board-certified pediatric neurologist (in case of TSC by JMP or MS) or developmental medicine specialist, using the Diagnostic and Statistical Manual (DSM-IV-TR and DSM-V), supplemented with a formal neuropsychological evaluation including the Autism Diagnostic Observation Schedule (ADOS) in ASD (N = 10) and TSC (N = 9) (Lord et al. 2000) .
Eighty-nine healthy controls (HC) had a normal neurological exam and a normal MRI on review by a pediatric neuroradiologist (S.P.P.), performed as part of routine clinical care (e.g., for soft indications like tension type headache, new onset simple tic disorder) or as part of this research project. Controls did not undergo formal neuropsychological evaluation as part of this study, but histories were negative for neurodevelopmental problems.
Medical Ethics Approval
Subject identification and data acquisition were conducted using a protocol approved by the institutional review board of Boston Children's Hospital.
Clinical Data
Electronic medical records including available neuropsychological test results, school performance, and clinic notes were reviewed to gather information about neurodevelopment and seizure history. Due to the retrospective nature of the study, a continuous measure of cognition was not feasible. Intelligence was evaluated based on formal neuropsychological assessment or estimated clinically based on development and level of education. To prevent undersampled subgroups and subsequent underpowering of the study, intelligence was categorized as either ID (IQ < 70; severely impaired language or judgment; or ADL dependence) or no ID (IQ > 70; could have learning disability, mild language delays or minor limitations in adaptive function).
The epilepsy variable was categorized as present or absent, as more sophisticated classification schemes based on the E-Chess (Humphrey et al. 2008 ) resulted in undersampling of subgroups.
Image Acquisition
On a 3T MRI, the routine clinical protocol in our institution includes both structural imaging and diffusion-weighted imaging. Procedural sedation (most often with propofol) was used for clinical imaging studies only if necessary to prevent excessive motion. The imaging protocol included (1) a T1-weighted high-resolution magnetization-prepared rapid acquisition gradient-echo (MPRAGE) sequence, (2) a T2-weighted turbo spin-echo (TSE) sequence, (3) a sagittal 3D isotropic T2 fluidattenuated inversion recovery (FLAIR), and (4) axial diffusion imaging using a single shell HARDI with 30 slices with b = 1000 s/mm 2 and 5 b = 0 images. The intracranial cavity was segmented following the structural MRI. Diffusion images were aligned to the T1-weighted MPRAGE to compensate for distortion and patient motion. We estimated the tensor fit with robust least squares, as previously described .
Tractography
We used a stochastic algorithm for tractography, combining the speed and accuracy of deterministic decision-making at each voxel with probabilistic sampling to better explore the space of all possible streamlines (Peters et al. 2012) . The corpus callosum tractography was created from automated generation of region of interest (ROI), based on a collection of manually delineated template brains and the STAPLE algorithm, as detailed prior (Suarez et al. 2012) . After visual review for anatomical accuracy, streamline density-weighted corrected scalar measures of FA and MD were obtained to correct for partial voluming effects and spurious tracts (Peters et al. 2012) .
Statistical Analysis
Statistical analysis was done using the R statistical software package (R_Core_Team 2015) . Group differences in clinical variables (age, gender, epilepsy, ID) were calculated using chi-square and student t-tests. Adjustment for volumetric differences of the corpus callosum was done by incorporating age into the model, and by using density-weighted statistics in the calculation of mean values (Peters et al. 2012) . Further correction for actual callosal volumes did not change the analysis in large subgroups and resulted in underpowering of smaller subgroups. Univariate analysis demonstrated gender not to be a confounder, and it was omitted from the model. Each subject belonged to 1 of 3 main groups: TSC (regardless of presence of ASD), ASD (patients with nonsyndromic ASD), and HC (healthy controls). Further subgroups were made depending on the presence of comorbid conditions. Thus, for each subject, the final data was composed of 4 "categorical" random variables: one (1) group status variable (TSC, ASD, and HC), and 3 clinical variables (2) epilepsy, (3) ID and (4) ASD. Each subject also had 3 "continuous" random variables: (1) age, and DTI metrics (2) FA and (3) MD, at corresponding age.
Using available data, we modeled the developmental trajectory of FA and MD by age. The sample size of the subgroups when including all the clinical variables ranged from 0 (certain combinations do not exist, e.g., TSC with epilepsy and ID but no ASD) to 89 (healthy controls). Subgroups with a sample size lower than 5 were omitted as they could not be fitted reliably, but the sample size of the smallest subgroup was still only 8 patients. The statistical analysis was designed to accommodate fitting of such low sample size datasets as follows:
(1) We first selected the best performing 2-parameter growth model for fitting with non-negative nonlinear least squares. Our prior work informed the model choice given the assumed complexity of the developmental trajectory of the DTI metrics over time (Peters et al. 2012 Lewis et al. 2013) . To test which of 2 known 2-parameter growth models (MichaelisMenten and exponential model) had the best predictive ability of new data (i.e., data not previously used for its modeling), we carried out both leave-1-out and leave-2-out cross-validation schemes. The exponential model was superior, and is parametrized by its asymptote A and its half-life H (the time required to reach half the asymptote).
(2) Next, we applied 3 levels of data fitting to assess consistency of findings in incrementally smaller samples. The first level involved only the 3 main subgroups TSC, ASD and HC, with large sample sizes. At the second level, subgroups were made based on the 3 clinical variables ID, epilepsy and ASD. At the third level, all sufficiently large possible subgroup combinations were fitted.
Subgroup differences of the estimated means of the asymptote and half-life of the fitted DTI metrics were assessed for consistency using a split-half analysis. As estimators of the coefficients of a nonlinear regression are typically not normally distributed (even when residuals are), we applied a bootstrap strategy to estimate the distribution of the estimator of the DTI metrics curve per subgroup. Using 10 000 bootstrap replicates of curve estimates, we calculated the mean of the distribution, and the confidence intervals for any given significance level, using the adjusted bootstrap percentile method (DiCiccio and Efron 1996) . An example of the fitting procedure is provided in Figure 1 .
Results
Demographic data and clinical variables are presented in Table 1 . HC were older than patients with TSC alone, TSC and ASD, and nonsyndromic ASD. There were more males in the nonsyndromic ASD group compared with HC, but no group differences in gender distribution otherwise.
By selection, all HC had normal intelligence and none had epilepsy. Patients with TSC and ASD had more frequent ID compared to those with TSC alone and to those with nonsyndromic ASD. Prevalence of epilepsy was also higher in patients with both TSC and ASD compared to TSC alone and to nonsyndromic ASD. Patients without epilepsy were equally common in the TSC alone and nonsyndromic ASD groups. Step-wise, 3 levels of analysis were done as follows:
(1) At the first level, the FA for age was predicted for the 3 main groups (HC, TSC, and ASD) (Fig. 2) . Not adjusted for neurodevelopmental and epilepsy variables, patients with TSC had lower FA (higher MD) compared with those with ASD, and compared to the HC group. The ASD group also had a lower FA (higher MD) compared with the HC group.
(2) At the second level, 3 clinical variables (epilepsy, ID, and ASD) were used to divide the main groups into subgroups (Fig.  3) . For the presence of epilepsy: TSC with and without epilepsy, ASD with and without epilepsy (Fig. 3A) . For the presence of ID: TSC with and without ID, ASD with and without ID (Fig. 3B) . For the presence of ASD only 2 subgroups could be formed: TSC with and without ASD (Fig. 3C) .
For epilepsy, the predicted fit for FA is shown in Figure 3A . TSC patients with recurrent seizures had lower callosal FA values than TSC patients without epilepsy. Again, this same finding was present in the ASD subgroup with and without epilepsy. The ASD group without epilepsy had higher FA values than healthy controls.
For ID, the predicted fit for FA is shown in Figure 3B . The TSC with ID subgroup had lower FA values than the TSC without ID subgroup. Similarly, the ASD with ID subgroup had lower FA values than the ASD without ID subgroup.
For ASD, the predicted fit for FA is shown in Figure 3C . Subjects with both TSC and ASD had significantly lower FA values than TSC alone, and ASD alone.
(3) At the third level, the possible iterations of the main groups (HC, TSC, ASD) with all 3 clinical variables (ID, epilepsy and ASD) were fitted (Fig. 4) . Small subgroups with 5 subjects or less (e.g., patients with TSC, no ID, no epilepsy but with ASD) were omitted as the model would not be stable.
Seven subgroups (3 for TSC and 4 for ASD) were large enough for a stable model fit of FA prediction (Fig. 4) . TSC patients without ID could be split into subgroups with and without epilepsy; the presence of epilepsy was again associated with lower FA values. A subgroup of TSC patients with all 3 neurological comorbidities (ASD, ID, and epilepsy) demonstrated the lowest white matter FA values.
For ASD, patients without ID were split into those with and those without epilepsy. The ASD patients with ID were also split into those with and those without epilepsy. In all of these ASD subgroups, ID and epilepsy were each associated with a decreased callosal FA. The subgroup with TSC and all 3 neurological conditions (ID, epilepsy and ASD) had the lowest FA values.
Leave-one-out cross-validation (LOOCV) was applied to groups of sufficient size for a stable model fit, and revealed a pattern that was consistent with above findings using the full data-set (Appendix 1).
Discussion
This study demonstrates that both TSC and ASD are associated with reduced callosal white matter microstructural integrity. We find that DTI metrics of the corpus callosum are cumulatively associated with comorbid neurological symptoms in TSC and in nonsyndromic ASD. These findings reflect the complex relationship between biological disease burden, and subsequent ID, ASD and epilepsy in TSC (van Eeghen et al. 2013 ).
In our sample set, the presence of ID was associated with lower FA values of the white matter in both the TSC and ASD subgroups. In a previous DTI study of 20 patients with TSC, aberrant network connectivity was associated with ID (Im et al. 2015) , but in that study and in another, an association with ASD was not found (Baumer et al. 2015) . Another study in a nonsyndromic ASD population reported a similar inverse association between IQ and FA values of the corpus callosum (Alexander et al. 2007 ). Our study suggests that ID is independently associated with decreased microstructural integrity across different neurologic conditions. Epilepsy was also associated with decreased microstructural integrity of callosal white matter in both the TSC and ASD subgroups. In TSC, the association of recurrent seizures with altered diffusion of white matter tracts has been reported in a cross-sectional study of 20 patients (Moavero et al. 2016 ) and in a longitudinal study of 17 children (Baumer et al. 2015) , but these studies did not account for all comorbid conditions. Seizures can arise from areas with relatively high diffusivity, and can in turn contribute to both local and remote diffusion via inflammation and gliosis (Jansen et al. 2003; Otte et al. 2012; Yogi et al. 2015) . The decreased callosal FA associated with epilepsy seen in our study population can therefore reflect both a higher disease burden and superimposed effects from refractory seizures.
In this study, most imaging was obtained in an elective setting and not for medical emergencies. Thus, while all patients labeled as "epilepsy" had an active pharmacoresistent seizure disorder, immediate but transient effects of prolonged seizures on callosal white matter diffusion are likely negligible here.
In the TSC population, we previously reported that reduced white matter microstructural integrity in the corpus callosum correlates with a diagnosis of ASD (Peters et al. 2012 ) and may be a potential imaging biomarker for this condition. Our current study, with a larger sample size, is in line with this finding. As a group, children with TSC have lower callosal FA values than controls (Fig. 2) ; the subgroup with ASD drives this difference (Fig. 3) . TSC patients without ASD have a lower FA than controls, but this difference is smaller. In our third level analysis (Fig. 4) , in our large sample we were still unable to isolate a sufficiently large group with TSC and ASD but without comorbid ID and epilepsy. This confirms previous reports of a high degree of ID and ASD in TSC (Jeste et al. 2016) . Other white matter pathways with more relevance to ASD pathophysiology may be more specific and will be investigated in future. In nonsyndromic ASD, we also found aberrant callosal DTI metrics, in agreement with previous studies (Alexander et al. 2007; Cheng et al. 2010; Travers et al. 2015) . The differences between nonsyndromic ASD subgroups and control subjects were much smaller, however, as compared to corresponding TSC subgroups.
The exact mechanisms underlying corpus callosum deficits in TSC remain to be identified; however, we can speculate about a number of possibilities that play a role in the pathogenesis. First, mutations in TSC1 and TSC2 are known to affect neuronal migration. It is possible that defects in migration lead to aberrant lamination such that callosal neurons may not be properly located in the superficial layers of the neocortex. The radial migration lines and cortical tubers with dyslamination in both TSC patient brains (Feliciano et al. 2013; Lim and Crino 2013) as well as in animal models of TSC (Uhlmann et al. 2002; Meikle et al. 2007 ) display migration abnormalities consistent with such a possibility. Second, development of the corpus callosum involves production of pioneer neurons that send out contralateral axons. These pioneer neurons and their axon migration has not specifically been studied in TSC. It is however clear that axon guidance molecules, such as ephrins, lead to aberrant signaling in TSC-deficient neurons, resulting in axon guidance defects (Nie et al. 2010) ; this may affect migration of Healthy controls (HC, in red), TSC (in green), and nonsyndromic autism spectrum disorder (ASD, in blue). The developmental trajectory of white matter maturation has been described previously (Peters et al. 2012 , and was used to inform the model. callosal pioneer neurons. Third, the initial phase of axonal overproduction is followed by a period of axon elimination in the early postnatal period in primates (LaMantia and Rakic 1990) . It is not clear what the effect of TSC-loss is on axon overproduction and elimination. Fourth, myelination can be affected by TSC-loss in either neurons or in oligodendrocytes and result in hypomyelination in the white matter, including in the corpus callosum (Meikle et al. 2007; Carson et al. 2015) . Finally, increased heterotopic cells, and small satellite lesions referred to as "microtubers" may all contribute to alterations in the corpus callosum and normal appearing white matter (Marcotte et al. 2012; Ruppe et al. 2014; Peters et al. 2015) . The neuropathological substrate of diffusion abnormality in TSC may be investigated through ex vivo imaging of resection specimens obtained at the time of epilepsy surgery as well as neuropathology of postmortem tissues.
In TSC, patients with ASD had significantly different callosal FA values compared to those without ASD, supporting its potential use as a predictive biomarker if confirmed in prospective studies in presymptomatic patients. Confounding effects, however, from ID and epilepsy could not be completely removed. Thus, the DTI changes in this study are neither sufficiently specific nor large enough early on, limiting the predictive value. Currently, a large multi-center study is collecting the clinical phenotype and longitudinal imaging from a young age (clinicaltrials. gov NCT01780441); such prospective data is needed to use DTI in the prediction of specific neurological comorbidities.
The scope of this study was limited to the examination of a single major white matter pathway, and other pathways are under investigation. While the corpus callosum structure has a role in the pathophysiology of ASD (Travers et al. 2012) , it does not directly subserve the language or neurobehavioral functions affected in ASD. Examination of tracts involved in ASDspecific deficits in language, stimulus reward systems, and social cognition may yield more specific markers (Fletcher et al. 2010; Abrams et al. 2013; Von Der Heide et al. 2013) . Finally, as DTI techniques advance, novel acquisition schemes may enhance the ability for group-wise comparisons of white matter tracts and their role in ASD pathophysiology Taquet et al. 2014) .
Though our fitting procedure to obtain the half-life and asymptote for all possible subgroups was sophisticated, it was applied to complex, sparsely sampled data with many potential confounders. As TSC is a rare disease, a large enough sample for conventional null-hypothesis significance probability testing of all variables (age, group status, epilepsy, ID, ASD, FA/MD) was not possible in this imaging study. Rather, we applied a nonlinear regression analysis and demonstrate group differences between incrementally smaller subgroups on the basis of "confidence intervals" of the 2 main coefficients that describe the fitted curves. In addition, the "consistent direction" of the change in FA (MD) with each clinical variable (ID, epilepsy, ASD) across the different subgroups adds validity to our findings.
Other potential variables that could affect callosal white matter diffusion metrics include anti-epileptic and psychoactive medications, and quantity and location of structural lesions (e.g., radial migration lines, tubers). Inclusion of all such variables in the study was not feasible as it would further diminish power through small subgroup sizes.
It is unclear why the 18 patients with ASD without epilepsy have higher FA values than the HC group; we suspect this is a sampling bias or resulting from fitting sparse data. Similarly, at a young age, TSC with epilepsy had higher FA values, likely reflecting more TSC subjects with epilepsy than without, as seizure onset occurs in 80% before age 3 (Curatolo et al. 2015) .
Conclusion
Using a cross-disorder approach, this study demonstrates cumulative abnormality of callosal white matter diffusion metrics with increasing neurological comorbidity in both TSC and ASD. In TSC, the lack of specificity of callosal DTI metrics limits its current use to a marker of overall neurological outcome. Other white matter pathways should be studied, and longitudinal, prospective data are needed for validation and increased specificity.
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